examinations of codon utilization patterns in pseudogenes and functional genes revealed a significant correlation between the rate of changes at synonymous codon sites and the strength of bias in code word usage. This implies that even synonymous codon changes are not completely free from selective pressure but are constrained in part, although presumably weakly, depending on the degree of bias in code word usage. We also reexamined alignment between mouse (8h3 (pseudogene) and imaj sequences and found a unique structure ofthe /3h3 that is homologous in sequence to the f8maj gene overall but contains a long deletion (about 150 base pairs) in the middle of the gene.
Pseudogene is defined to be a region of DNA that shows significant homology in sequence to a functional gene but has several mutational changes that render it unable to produce a functional product (1) . Since the first report of5S RNA pseudogene in the 5S DNA repeat unit ofXenopus laevis oocytes (2), several pseudogenes have been identified in other eukaryotic gene clusters, including mammalian a-and ,3-globin gene families (1, (3) (4) (5) (6) (7) (8) (9) and the human immunoglobulin K-type variable domain gene cluster (10) . Recently, more pseudogenes have been identified in Euglena gracilis chloroplast ribosomal RNA transcription units (11) and the mouse 4.8S small nuclear RNA gene family (Y. Ohshima, N. Okada, T. Tani, Y. Itoh, and M. Itoh, personal communication), which apparently are unable to encode functional RNAs. Thus, the occurrence ofpseudogenes appears to be a common feature of eukaryotic gene clusters.
A pseudogene is considered to be a naturally occurring mutant gene whose sequence resembles sequences of functional genes. Comparison of a pseudogene with its functional counterpart would therefore provide much insight into mechanism by which genes evolve. A comparison of the DNA sequence of mouse a-globin pseudogene to the sequences ofnormally functioning a-globin genes from mouse and rabbit has shown a remarkable feature of the pseudogene evolution (12) : The loss of functions enables it to escape the selective pressures that operate to preserve the sequence almost completely throughout the entire region, thereby allowing accumulation of mutations at an extremely high rate, 1.9 times as large as the rate of changes between synonymous codons in functional genes which is the most rapidly evolving component so far examined (for review, see ref. 13 ). Kimura also obtained a similar result (14) . This characteristic feature is well understandable from the viewpoint of neutral theory (15) (16) (17) . In addition, these results apparently indicate the presence ofsome unknown functional constraint against changes between synonymous codons in functional genes (12) .
In this report, we confirm the above results on the basis of recently established pseudogene sequence data from a much wider variety of sources. Furthermore, we show that there is a significant correlation between the rate of evolutionary changes between synonymous codons and the strength of bias in synonymous codon usage. This implies that, even at the synonymous codon site, nucleotide changes are not completely free from selective pressure but are constrained to some extent depending on the degree of bias in code word usage.
METHODS
Sequence Alignment. The procedure was described elsewhere (18) .
Calculation of Sequence Difference (K). The procedures have been described (18, 19) . For each pair of genes, the sequence difference or simply "difference," defined as the number of mismatches per nucleotide site, was calculated at every functional or structural block such as intron, exon, 5'-and 3'-noncoding regions, etc. (13) . For coding regions, we carried out calculations for the two types of difference, synonymous difference (Ks) and amino acid difference (KA). The KS (KA) is defined as the number of synonymous (amino acid) substitutions relative to that of the synonymous (amino acid) sites, the sum of fractions of nucleotide sites leading to synonymous (amino acid) change by single nucleotide replacement per nucleotide position of codon (19) .
RESULTS AND DISCUSSION
Mouse (-Globin Pseudogene (8h3 Contains a Long Deletion (About 150 Nucleotides) in the Middle of the Sequence. Jahn et aL (5) described a mouse f3-globin pseudogene fBh3 which is closely related to adult ,3globin genes in sequence beyond codon position 75. The second intron is present at a precise position. However, short deletions and insertions within the coding sequence put the amino acid sequence out of phase. In addition, the alignment by Jahn et aL demonstrates the loss of continuity in the homology between the fh3 and an adult (3- globin gene sequence at codon position 75. We found an additional homology region between the two sequences before the The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. ICTGCATCTGCTTCTGACACAGGTTGTT--CA TAGCAGCAGTCCTACAC------GGGTGTA-CTGACTGACAAAGAGAAGTTGGCCATCAGTGGCC .TGI*G*G*GA §AAGaGTGAA*CTCC*GATG*AAGTI*GlG §nGTicAgGJGCC*IG A 3T*T*GGTATCCA*GGTThACAA*GGCAG*CTCA*CAAGAAG*AAGTTGGGTGCTTGGA TATGGGACACAGTAGACATGGGAAACATTGATGGCGAGTCACTGGAGA TTGTAATAGACTGCATAAGCAGG---ACACATGGAAGCTTGGTAGGTGAA .GACAGAGGTCTGCTTTCCAG-CAGACACTAACTTTCAGTGTCCCCTGTCTATGTTTCCCTTMA CTGCTGGTTGTCTACCCTTGGACCCAGCGGTAC *AG*Ag*AGCAGAA--;TGTCT'GG'CA'GAA'G'ATCAT*T;CTC; position. The revised alignment obtained by our method is shown in Fig. 1 . Clearly, 8h3 contains a sequence corresponding to all regions of the adult 3-globin gene. It is remarkable that this gene has deleted from it a long stretch corresponding to the region from around the last 20 nucleotides of the first intron to the middle of the second exon. It therefore appears to lack the putative splicing signals (21) for the first intron so that no transcripts produced by this gene could be spliced correctly. Furthermore, it lacks the initiator ATG, changed by mutation, to AGG. A similar change is found in the human aglobin pseudogene al (1) . Due to lack of important signals essential to globin function together with the presence ofseveral deletions and insertions within the coding sequence, /3h3 apparently cannot produce a functional product.
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Extraordinarily High Evolutionary Rate of Pseudogene. Pseudogenes described to date, including a-and f-globin pseudogenes and immunoglobulin K-type variable domain pseudogene, are closely related in sequence to their respective functional counterparts, suggesting that they were derived from common ancestors by gene duplication (1, (3) (4) (5) (6) 10) . To reveal the different modes of evolution between a pseudogene (Aseudo.) and its functional counterpart (Afunc¼.) from a comparison of their temporal sequences, it may be effective to introduce a third homologous gene (Bfnc,.), the common ancestor of the three being far remote from that of the Af~nc, and the A4xudo. (Fig. 2) . Since the-divergence time ofagene pair Apseudo/ Proc. Natd Acad. Sci. USA 78 (1981) 5741 were applied for calculating K in noncoding regions. When gaps were found in one of the sequences being compared, the corresponding sites were excluded from comparison (method 1). In method 2, a gap was counted as a "mismatch" (results are given in parenthesis). Nucleotide sites with more than 10 consecutive gaps were ignored in the calculation for both methods. K(I) and K(ll), sequence differences for pair I (Apse B A) and pair II (Afmt/B.,) respectively (see Fig. 2 that is extraordinary, being higher than the rate of changes between synonymous codons in functioning genes which is the most rapidly evolving component described to date (for references, see ref. 13 ). These results also confirm a previous argument (12) on pseudogene evolution.
Although the R values in Table 1 and 38) . Although the functional significance of specific codon utilization is still not understood fully, it might be related to selective pressure against changes between synonymous codons, thereby reducing the evolutionary rate to some extent (12, 13, 19) . Conversely, if this is really so, then it is expected that synonymous codons are found to be used more uniformly in pseudogenes than in functional counterparts.
To elucidate the relationship between the degree of bias in (27) , mouse (Pmaj) (20) , and chicken (28) Functional a-and f3-globin genes avoid using A in the third position of the codon, whereas a significant increase is found in the values of fA for all the globin pseudogenes examined.
Functional a-globin genes are distinguished from (3-globin genes in that they show a strong preference for the use of Cending codons, whereas the values offc are decreased considerably in the respective pseudogenes. Immunoglobulin variable domain genes prefer to use all the codons more uniformly than do globin genes. Even in such less-biased genes, the pseudogene counterpart still appears to show a decreased value for of. These results together with the fact that pseudogenes evolve at a higher rate than do changes between synonymous codons in functional genes support an argument that nonrandom use ofsynonymous codons affects the rate ofchanges between them. Table 3 also reveals an interesting feature ofcodon utilization pattern in functional a-and 3-globin genes. With respect to the value ofoy, a-globin genes from mammals and a bird are clearly classified into two groups, a heavily biased group (all) including a-globin genes from man, rabbit, and chicken and a less-biased group (al) with mouse a-globin gene. A similar classification is possible for l3-globin genes. Human, rabbit, and mouse f3 globin genes ( (1) have different values of af from chicken (3- globin gene ((3II) . The all and (BII groups are similar in codon utilization pattern and oa value (0.7-0.8) but they are quite distinct from aT and (1 which again are almost identical in of value (-0.5 The results are shown in cleotide substitutions in functional genes are caused not by selection but by random drift of mutant genes that are selectively equivalent or neutral (15) (16) (17) . The probability that a mutational change is selectively neutral depends strongly on functional constraints. That is, the weaker the constraint, the larger the probability ofrandom change being selectively neutral (16, 17) . According to this view, functionally less-important genes or parts of genes are expected to evolve faster than are more important ones. Because no pseudogenes appear to have a function, the result that they evolve at a highest known rate is completely consistent with this argument. Furthermore, the neutral theory reveals an remarkable feature on gene evolution. Kimura (17) has already pointed out that a gene evolves at an upper rate which is almost equivalent to the rate of mutations occurring on the DNA sequence, when its functional constraint disappears completely. It seems likely that the evolutionary rate of pseudogenes is corresponding to this limiting rate (12) . No gene could evolve faster than this rate. Conversely, if genes or parts of genes evolve at lower rate than the limiting rate, the neutral theory suggests a possibility that their nucleotide sequences are subject to constraints related to known or unknown biological functions. This allows more detailed pictures about mechanisms by which genes evolve. Under this viewpoint, we indeed have shown that synonymous substitutions in functional genes are not completely free from constraints but are subject to constraint which is related to bias in synonymous codon usage to some extent, although presumably weak compared with selection pressure operating on protein tertiary structure.
